Under these circumstances, the visible absorption of K is expected to be more red-shifted than is observed and this suggests torsion around single bonds of the retinylidene chromophore. This is in contrast to the development of a strong counterion interaction and double bond torsion in L. Thus, photon energy is stored in electrostatic modes in K and is transferred to torsional modes in L. This transfer is facilitated by the reduction in bond alternation that occurs with the initial loss of the counterion interaction, and is driven by the attraction of the Schiff base to a new counterion. Nevertheless, the process appears to be difficult, as judged by the multiple L substates, with weaker counterion interactions, that are trapped at lower temperatures. The doublebond torsion ultimately developed in the first half of the photocycle is probably responsible for enforcing vectoriality in the pump by causing a decisive switch in the connectivity of the active site once the Schiff base and its counterion are neutralized by proton transfer.
T he light-driven ion pump, bacteriorhodopsin (bR), has been studied extensively since it was discovered in the 1970s. Its availability and stability have made it the prototypical transmembrane protein, ion pump, retinal pigment, and model for G protein-coupled receptors. As such, it has been the target of a wide variety of biophysical techniques that have garnered a great deal of information about the structure of the protein and the changes that it undergoes during its functional photocycle. Nevertheless, it remains unclear how the protein stores and channels energy to translocate ions and prevent backflow.
An important feature of the pump cycle ( Fig. 1) is that the change in connectivity of the active site between the two sides of the membrane occurs midway through the photocycle (in the transition from the early M state to the late M state), long after the initial photoisomerization of the retinylidene chromophore from all-trans to 13-cis (Fig. 2) , and long before the thermal reisomerization of the chromophore at the end of the photocycle. Because the change in connectivity is divorced from the major isomerization events, much attention has been directed to the process(es) that might be responsible. However, in the fuller context, the more interesting question is how the active site remains connected to the extracellular surface for so long after the photoisomerization event, and what finally releases it from that set of interactions. In this light, it is not surprising that vibrational spectroscopy finds indications of a strained chromophore in the K (1-4) and L (5-8) intermediates, and a relaxed chromophore in the N intermediate (9) . Evidence of strain is also seen in magic angle spinning (MAS) NMR spectra. Furthermore, MAS NMR has pinpointed the release of this strain to the transition from early M to late M (i.e., coincident with the connectivity change) and determined that the strain in L and early M is dominated by torsion about double bonds (10, 11) . Of course, such torsion is expected to store more energy than torsion about single bonds. In the present work, we examine earlier stages of the photocycle to learn how the torsion seen in the L and early M intermediates develops.
NMR has the advantage of providing unique, nonperturbing, site-specific probes that are applicable to mixtures of states, such as are obtained in studies of functional intermediates (12, 13) . However, NMR has the disadvantage of low sensitivity, compared with other spectroscopic techniques, because of the small equilibrium polarization of nuclear spins. Recently, dynamic nuclear polarization (DNP), in which the greater polarization of electron spins is transferred to the nuclear spins before the NMR experiment (14) (15) (16) has been demonstrated to provide large signal enhancements in bacteriorhodopsin in magnetic fields of 5T (17) . Here, we apply DNP at 9T, the highest magnetic field at which microwave-driven DNP experiments have been performed to date (18) . The experiment requires the application of a continuous microwave field at, or near, the electron resonance frequency and cryogenic temperatures to attenuate spin-lattice relaxation processes that might otherwise compete with polarization transfer. These low temperatures are also useful for trapping the early photocycle intermediates of bR (19) . As a result, we have been able to observe the K state by NMR and identify four L substates, three according to their appearance in the thermal relaxation of K and another inferred from changes in signal intensities. The 15 N chemical shift of the Schiff base in these early photocycle intermediates suggests that the mode of energy storage is different in each. By comparison with halide salts of 13-cis,15-anti retinylidenes and bR variants in which the Schiff base counterion is neutralized, we conclude that the interaction between the chromophore and its counterion is lost in K, but becomes restored and strengthened in L. At the same time, single-bond torsion in the chromophore of the K intermediate is superseded by double-bond torsion in L. These results suggest that photon energy is stored in electrostatic modes in K and is transferred to torsional modes in L. Because release of this torsion has been shown to coincide with the switch in the connectivity of the active site, it is likely responsible for enforcing vectoriality in the pump. Fig. 3 shows 15 N spectra of [-15 N]lysine-labeled bR acquired under various conditions. The only significant changes in these spectra, from one case to another, are in the signals from the Schiff base nitrogen of the retinylidene chromophore. These relatively small signals can usually be detected within a few hours because the 40-fold enhancement in sensitivity provided by DNP and low-temperature acquisition.
Results
The spectrum of the dark-adapted sample (Fig. 3a) shows bR 555 and bR 568 in the expected 60:40 proportion. Subsequent irradiation at 275 K converts bR 555 to bR 568 (Fig. 3b) . The following three spectra (Fig. 3 c-e) show that different intermediates accumulate depending on the temperature at which the light-adapted bR is irradiated.
Irradiation at 90 K produces two new signals: the larger one upfield of bR 568 and a smaller one downfield of bR 568 . Neither of these has previously been detected by NMR. The major product can be assigned to the K state on multiple grounds: first, irradiation with red light results in the expected reversion to bR 568 ; second, as discussed further below, thermal relaxation (in the dark) at 150-170 K gives rise to the observed L photocycle intermediate, confirming that the newly observed species is an intermediate in the functional photocycle. The minor product disappears over a few hours at 90 K. Thus, it appears to be an unstable side-product of the formation of K. According to visible spectroscopy, the generation of K is accompanied by the formation of iso-bR and pseudo-bR, both of which relax to bR 568 in the dark at 77 K (20) . Based on the yields reported in the literature, we tentatively assign the small, most downfield signal in Fig. 3c to iso-bR. (22) spectra and might explain the greater disorder found in x-ray crystallography of the L state at 150 K than at 170 K (23) . At the same time, it should be noted that the spectrum in Fig.  3d shows no evidence of the K state, although the sample has been cooled to 90 K for data acquisition. This is consistent with recent FTIR studies of cryogenic samples (24) . Previous observations of K on cooling L (25) may have been due to irradiation of residual light-adapted bR, whereas in our experiments cooling and data acquisition occur in the dark. (Fig. 3f ). This also reproduces previously observed behavior (10, 11) and shows that the glycerol content of these samples has not significantly disturbed the progress of the photocycle.
The remaining spectra ( Fig. 3 g-i) show the products of thermal relaxation of the K intermediate at 150 K, 160 K, and 170 K. The fact that all signals produced by red light irradiation at 150 K (Fig. 3d) are also produced by thermal relaxation of a single K species at 150 K ( Fig. 3g) confirms that the signals Retinal configurations in the early photocycle intermediates of bacteriorhodopsin.
belong to several L substates. However, at higher temperatures ( Fig. 3 h and i In the foregoing spectra, linewidths for the 15 N Schiff base resonance are typically 130-170 Hz. Because the chemical shift depends strongly on the electrostatic and electronic environment, these linewidths indicate a well ordered chromophore structure and a distinct environment for each photocycle intermediate.
Chemical shifts for the Schiff bases of each of the 10 species observed in the present work are summarized in Table 1 . Most species were generated at least three times to provide a statistical measure of the uncertainty. However, for the less important species, we estimate the accuracy of the Schiff base chemical shifts from an analysis of the resonances of the free lysine side chains in 61 independent 15 N spectra of three different samples. These chemical shift deviations were found to follow an approximately normal distribution, with a standard deviation of 0.65 ppm. Discussion Dynamic Nuclear Polarization. This work is the first application of DNP to the study of functional intermediates of a protein. With signal enhancements of up to 40-fold, most 1D spectra can be acquired within an hour and longer data acquisition allows the detection of minor components. Despite the necessity of doping with free radicals for DNP, the spectra are of comparable resolution to those obtained in earlier studies at higher temperatures, as long as cryoprotection conditions are adjusted to avoid phase separation of the sample with repeated thermal cycling to liquid nitrogen temperatures. That these conditions are largely compatible with previous protocols for generating and trapping photocycle intermediates is demonstrated by the results in Fig. 3 .
Schiff Base-Counterion Interactions. The chemical shift of the Schiff base nitrogen in retinylidenes is extremely sensitive to the interactions of the Schiff base (26) (27) (28) (29) sensitivity provided evidence for a hydrogen-bonded complex counterion in bR 568 (27, 30) that was confirmed by x-ray crystallography a decade later (31) . It also indicated that the deprotonated Schiff base in each M intermediate has a hydrogenbonding partner that has not yet been identified (10, 11) .
In the present work, we find that the Schiff base signal is far upfield (small chemical shift) in the K intermediate and moves downfield in the L intermediate, as shown along the horizontal axis of Fig. 4 . For the latter, we focus on L 185 , which is the L substate that was previously identified (21), survives at higher temperatures than the others, and thermally relaxes to M o . Whereas the 185-ppm shift of this persistent L is comparable with that of 13-cis,15-anti retinylidene chloride, the shift of the K intermediate is so far upfield that it only compares to the shifts of acid blue bR (30) and D85N bR (11) in which the Schiff base counterion has been neutralized by pH titration and mutation, respectively. This suggests that the Schiff base in K has lost contact with the original counterion. Because both D85 and D212 remain unprotonated in K (32) the loss of the counterion interaction must reflect movement in the active site, as expected on isomerization of the chromophore. At the same time, the single narrow NMR signal of the K intermediate indicates a discrete state, in contrast to the considerable disorder seen in NMR spectra of the bR variants with a neutralized counterion. That the counterion interaction is nevertheless severed in K is supported by changes in the C 15 ϭN stretch (33) and N-D stretch (34) . In addition, polarized FTIR measurements indicate that the N-H bond of the Schiff base is rotated into the plane of the membrane, thereby breaking the hydrogen bond with the counterion complex (34) . The highest resolution diffraction structure (35) also shows some rotation of the N-H bond, although not as much as indicated by the polarized FTIR measurements. Narrow NMR lines, indicative of order in the active site, persist through the rearrangements in the L substates that result in reestablishment of counterion interactions. Evidence for a renewed counterion interaction in L has been found in the N-H in-plane bending vibration (3). However, as noted in ref. 21 , the chloride-like 15 N chemical shift indicates that the counterion interaction in L 185 is much stronger than the counterion interaction in bR 568 (which is much weaker even than for the iodide salt). The candidates for such a strong counterion in the active site of L are few: either the Schiff base in L 185 is approaching one of the two carboxylic acids in the active site more closely than in bR 568 , or water hydrogen bonded to the Schiff base is becoming highly polarized. A direct interaction with water is supported by FTIR observations of coupling between water and the C 15 -HOOP and N-HOOP modes of the chromophore in L (36).
The highest-resolution diffraction structure also shows water intervening between the Schiff base and D85 (37) . The NMR evidence that such a water molecule must be highly polarized has motivated speculation that bR may be acting as an inward-driven hydroxyl pump rather than an outward-driven proton pump (12, 13) .
Polyene Torsion. The interactions of the Schiff base affect not only the chemical shift of the nitrogen, but also the visible spectrum of the chromophore. For a given configuration of the retinylidene, the relationship between the 15 N chemical shift and the frequency of maximum visible absorption is linear (28) (29) (30) . This is illustrated in Fig. 4 for a set of halide salts of 13-cis,15-anti retinylidenes. In this series, the only variation from one model compound to the other is the counterion. Comparison with the data for the 13-cis,15-anti intermediates of the bR photocycle (also shown in Fig. 4 ) must take into account other influences on the visible spectrum, particularly strain in the polyene chain. Distortion involving rotations about single bonds gives rise to wavelengths of maximum visible absorption that are shorter than expected based on the 15 N chemical shift; conversely, distortion involving torsion about double bonds yields wavelengths of maximum visible absorption that are longer than expected based on the 15 N chemical shift (38) . These relationships were the basis of previous conclusions that the change in connectivity in the active site coincides with a release of double-bond torsion in the chromophore (11) .
Here, we extend this analysis to earlier stages of the photocycle, identifying our persistent L (L 185 ) with the late-L (''L2'') characterized by decomposition of time-resolved optical spectra (22) . As shown in Fig. 4 , the K intermediate is blue-shifted relative to expectations based on its Schiff base environment (i.e., not as red-shifted as expected), whereas the L intermediate is red-shifted relative to expectations based on its Schiff base environment. This suggests that chromophore strain in the K intermediate is primarily about single bonds, whereas chromophore strain in the L intermediate appears to be primarily about double bonds. Such double-bond torsion stores more energy and is presumably compensated by reestablishment of a counterion interaction.
The analysis above only illuminates the relative contributions of single-and double-bond torsion. However, C 15 -HOOP signals in K (1-4) and L (6) (7) (8) suggest that the locus of the distortion is at C 15 in both intermediates and, therefore, that the singlebond torsion in K is primarily around the C 14 -C 15 bond and the double-bond torsion in L is primarily around the C 15 ϭN bond. In any case, the results are difficult to reconcile with crystal structures. Although the models for K and L based on the highest-resolution diffraction data have highly distorted chromophores, the torsion in both cases is primarily in the C 13 ϭC 14 and C 15 ϭN bonds (35, 37) .
Energy Landscape. The present overall picture is one of initial storage of energy in breaking the Schiff base-counterion interaction, with relatively little energy stored in polyene torsion, followed by stronger twisting of the chromophore, under the influence of new counterion interactions. This transfer of energy from electrostatic modes to torsional modes would be facilitated by the reduction of bond order alternation in the polyene (corresponding to delocalization of the retinylidene charge) when the counterion interaction is initially broken, and would be driven by the establishment of a new counterion interaction.
Of the 216 kJ/mol carried by 568-nm-wavelength photons, the K state is thought to store 45 kJ/mol (39) . Because hydrogen bond strengths vary over 5-40 kJ/mol, breaking an exceptionally strong hydrogen bond in the transition from bR 568 to K can store essentially all of the required energy, with possible further contributions from perturbation of other hydrogen bonds. Although it is often noted that the Schiff base-counterion inter- action in bR 568 is weak, this is relative to the retinylidene halide salts. In bR 568 , the interaction of the Schiff base with the anions in the active site is indirect and mediated by water. Thus, a strong hydrogen bond to water in bR 568 is consistent with an overall weak counterion interaction.
The NMR results also reveal that the process of converting the electrostatic energy stored in K to torsion energy stored in L 185 is a difficult one. Although the 15 N chemical shifts indicate that the Schiff bases of all of the L substates have renewed counterion interactions, the interactions are weaker in the less stable L states than in persistent L 185 . Unfortunately, without visible absorption information or more detailed NMR experiments, we have no insight into chromophore torsion in these species. Moreover, the present NMR spectra do not allow us to determine whether the less stable L states relax to the functional L 185 state or shortcircuit back to the bR 568 state. However, whether these states represent hesitant steps on the functional pathway or missteps off the pathway, they clearly reflect a rugged energy landscape. Such a landscape is consistent with recent quantum mechanical/ molecular mechanical calculations that find two plausible L states that differ substantially in chromophore torsion and in Schiff base interactions (40) . Two discrete L states have also been inferred from analyses of visible spectra (22) . However, the present NMR study finds that K thermally relaxes to at least four distinct and directly observable states. Thus, photon energy initially stored in electrostatic form is transformed to torsion that is probably responsible for the decisive switch in the connectivity of the active site when the Schiff base and its counterion are neutralized by proton transfer. Such a switch is critical for preventing backflow in the pump. Clarification of the roles of the less stable L states is underway by multidimensional spectroscopy. However, their presence indicates that the reorganization of the active site in the K-to-L transition involves passage over an energy landscape riddled with traps and/or detours.
Conclusions

Materials and Methods
Sample Preparation. [-15 N]lysine-labeled bR was prepared by growing Halobacterium salinarium strain (JW-3) in a synthetic medium containing L- [-15 N]lysine (41) . The purple membrane, isolated and purified according to the method of Oesterhelt and Stoeckenius (42) , was washed in 0.3 M guanidinium hydrochloride at pH 10, until the supernatant had the same pH, and then washed further with 60% glycerol (vol/vol, for cryoprotection) (43) containing 0.3 M guanidinium hydrochloride, and 40 mM 4-amino 2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO) [the exogenous nitroxide radical required for the DNP experiments (17, 44) ], at pH 10. The washed purple membrane was collected in a pellet by ultracentrifugation (1 h at 323,000 ϫ g) and packed into the center of a 4-mm-diameter, single-crystal sapphire rotor that is transparent at both optical and millimeter-wave frequencies. The drive tip was bonded to the sapphire rotor by using a low-temperature epoxy to avoid problems associated with thermal contraction at cryogenic temperatures. The sample was reversibly sealed by using a vespel screw that threads into a Kel-F top spacer with a diameter such that it must be inserted under liquid nitrogen. The total sample volume was 57 l.
Preparation of Photocycle Intermediates. To generate photocycle intermediates, light was delivered to the sample by using a multimode fiber that penetrates the MAS stator housing perpendicular to the rotor and projects a diffuse beam of diameter comparable to the sample size. The light sources were a 300-mW diode-pumped solid-state laser (Coherent) operating at 532 nm (green), and a krypton laser (Cambridge Laser Laboratories) producing 1 W at 647 nm (red). Each photocycle intermediate was accumulated at the temperature that maximizes its yield relative to other states and then cooled (3-5 K/min) to 90 K to trap the intermediate for data acquisition. Operation of either light source raised the sample temperature by Ͻ0.5 K. bR568. bR568 (the ''light-adapted'' state), was generated by irradiation of the dark-adapted sample (a mixture of bR 568 and bR555 at thermal equilibrium) with green light for 45 min at 278 K. K. K was generated by irradiation of bR568 at 90 K with green light for 45 min. To avoid interference with the generation of photocycle intermediates, weak IR light was used to monitor the MAS spinning frequency. DNP/NMR Spectroscopy. All experiments were carried out at 9T by using the 250 GHz e Ϫ /380 MHz 1 H DNP spectrometer with a three radiofrequency channel ( 1 H, 13 C, 15 N) probe that incorporates matching transmission lines to provide remote tuning, high isolation between the channels, and high radiofrequency stability with respect to temperature variations in the sample chamber (45) . The NMR spectrometer console was designed and built in-house and uses custom-designed NMR data acquisition software (D. J. Ruben, Francis Bitter Magnet Laboratory, MIT).
Millimeter-wave power is produced by a 250-GHz gyrotron oscillator (45, 46) . The beam is directed to the sample through a quasi-optical transmission circuit consisting of two HE 11-mode overmoded corrugated waveguides and an optical matching circuit between them (18, 47) . Gaussian mode purity is maintained throughout the transmission system, resulting in negligible transmission losses, and 2-4 W of microwave power are delivered to the sample. The transmission circuit incorporates a quasi-optical beam splitter for feedback regulation of the microwave power. A computer control system guarantees safe and unattended operation of the device with power stability of Ͼ1%.
One-dimensional NMR spectra were recorded by using ramped crosspolarization (48, 49) with high-power proton decoupling and MAS for high resolution (50, 51) . Typically, the cross-polarization involved a 1 H field of 45 kHz, with the 13 C or 15 N power ramped linearly over the n ϭ 1 matching condition. Data were acquired with optimized two-pulse phase modulation (TPPM) (52) , decoupling at 100-kHz field strength, and magic angle spinning at a frequency of 6.25-6.5 kHz.
Cryogenic MAS was accomplished through the use of bearing-and-drive nitrogen gas streams that have been cooled by using a pressurized heat exchanger immersed in liquid nitrogen. The gas transfer lines incorporate integral heaters and calibrated resistive temperature sensors for feedback regulation of the temperature (LakeShore Cryotronics). However, the temperatures that we report are measured in the sample chamber by using a Fabry-Perot interferometric thermometer (FISO Technologies), which is insensitive to magnetic and radiofrequency fields and is accurate to within 1 K. The spinning frequency was regulated to within 2-3 Hz by a pneumatic controller (Bruker Biospin).
All 15 N chemical shifts are referenced indirectly to liquid ammonia by using adamantane as an external standard and following the procedure of Morcombe and Zilm (53) . Because of the temperature dependence of the chemical shift, which can arise due to intrinsic and extrinsic (instrument-related) factors, we have referenced all spectra by using the chemical shift of adamantane at the temperature of acquisition (usually 90 K).
